Psoriasis is a chronic inflammatory skin disease with a strong genetic background and is triggered by environmental factors. Available evidence supports CD6, a lymphocyte surface receptor mostly expressed by T cells, as a putative target in autoimmunity. Accordingly, a humanized anti-CD6 antibody has been assayed for the treatment of certain autoimmune disorders, including psoriasis. Here, we present novel evidence in mice and humans for a direct involvement of CD6 in psoriasis pathophysiology. First, an attenuated form of imiquimod-induced psoriasis-like skin inflammation was demonstrated in CD6-deficient mice, as deduced from lower epidermal thickness and local reduced production of pro-inflammatory cytokines, namely, interleukin-17A. Thus, isolated CD4 + CD62L + T cells from CD6-deficient mice displayed decreased in vitro T-helper type 17 polarization. Second, a statistically significant association between CD6 single-nucleotide polymorphisms (rs17824933, rs11230563 and rs12360861) and more severe forms of psoriasis was demonstrated in a cohort of 304 patients at three public hospitals from the metropolitan area of Barcelona. Taken together, these results provide new supportive evidence of the contribution of the CD6 lymphocyte receptor in psoriasis at both experimental and clinical levels.
INTRODUCTION
Psoriasis (Ps) is a chronic immune-mediated systemic disease mainly characterized by cutaneous manifestations that affects more than 125 million people worldwide. 1 Clinically, Ps may adopt multiple phenotypes, with plaque-type Ps being the most extended form of the disease. 1 The pathophysiology of Ps involves abnormal keratinocyte proliferation and dermal and epidermal infiltration by innate (e.g., neutrophils) and adaptive (e.g., T cells) immune cells. Ps is considered a multifactorial disease with a strong genetic, albeit polygenic, component, which interplays with different environmental factors (namely, trauma, infection and drugs). 1 The most important heritability factor is found within the PSORS1 region mapping the human leukocyte antigen, with smaller contributions from a multitude of other genetic loci mainly identified by genome-wide association studies (GWAS). 2 The latter includes gene candidates mostly from immune response effectors/regulators and keratinocyte differentiation-related genes. 3 Despite new discoveries regarding the genetic basis of Ps, the interpretation of gene-variation associations with biologic functional effects remains unsolved.The CD6 lymphocyte receptor has recently been implicated in the pathogenesis of some autoimmune diseases 4 and is currently under clinical evaluation as a putative therapeutic target for some of these diseases, 5 including Ps. 6 CD6 is a type I glycoprotein of the scavenger receptor cysteinerich (SRCR) superfamily, expressed by all T cells, a subset of natural killer cells and the B1a-cell subset. 7 The main reported CD6 ligand is CD166/ALCAM (activated leukocyte cell adhesion molecule), which is a broadly distributed member of the immunoglobulin cell adhesion superfamily. 8 However, additional interactions with well-conserved bacterial components, 9,10 such as galectin 1 and 3, 11 and CD318 (also named CDCP1 for CUB domain-containing protein 1 or TRASK for transmembrane and associated with Src kinases), 12 have also been reported. Even though the function of CD6 remains incompletely understood, recent in vitro and in vivo evidence suggests roles in T-cell development 13 and in the modulation of peripheral T-and B1a-cell-mediated immune responses. [14] [15] [16] CD6 has a cytoplasmic tail devoid of intrinsic catalytic activity, but contains consensus motifs for Tyr and Thr/Ser 17,18 phosphorylation. CD6 also interacts with intracellular signaling effectors, such as mitogen-activated protein kinases, 19 SH2 domain-containing leukocyte protein of 76 kDa, 20 T-cell-specific adaptor protein 21 and syntenin. 22 These characteristics, together with its physical association with the TCR/CD3 (T-cell receptor/cluster of differentiation 3) complex, 23 position CD6 well to positively or negatively modulate signaling by a key receptor. 24 Although CD6 was initially considered a T-cell co-stimulatory molecule based on the co-mitogenic properties of some anti-CD6 monoclonal antibodies (mAbs), later evidence from CD6 transfectants has supported a putative role for CD6 as an attenuator of TCR/ CD3-mediated signaling, 24 a fact that has been recently confirmed by data from CD6-deficient (CD6 − / − ) mice. [13] [14] Specifically, studies of such deficient mice have shown that (i) CD6 behaves as a negative modulator of TCR/CD3 signaling in the thymus, setting the threshold for the final steps of T-cell selection and maturation, 13 and (ii) CD6 contributes to the proper generation and function of the inducible peripheral T-regulatory (Treg) cell population. 13, 15 Despite the current availability of a humanized anti-CD6 mAb for therapeutic purposes 6 and the availability of genetically modified CD6 mice, [13] [14] [15] [16] in vivo evidence for the direct involvement of CD6 in mouse and/or human Ps has yet to be reported. To this end, we investigated the phenotype of CD6 − / − mice in an experimental Ps-like model induced by imiquimod (IMQ). 25 Because (i) no human CD6 deficiency has been reported so far and (ii) data from experimental models of the disease should be cautiously translated into the clinic, we investigated the putative influence of previously reported CD6 single-nucleotide polymorphisms (SNPs) on the clinical characteristics of a cohort of 304 psoriatic patients. The three CD6 SNPs included in the analysis have been linked to enhanced susceptibility to multiple sclerosis (MS). 4 Additional SNPs involving the functionally related CD5 and CD166/ALCAM genes were also investigated. CD5 encodes a lymphocyte receptor closely related to CD6. Variants of CD5 have been associated with severe forms of systemic lupus erythematosus 26 and a better prognosis in certain types of cancers. 27, 28 Likewise, CD166/ALCAM variants have been associated with increased risk and progression of MS 29 and breast cancer. 30, 31 The results obtained from these studies provide novel human genetic and mouse experimental evidence supporting the involvement of CD6 in the pathogenesis of Ps.
RESULTS

Human CD6 polymorphism impact Ps severity
Psoriatic patients (N = 304) and controls (N = 305) were genotyped for CD6 variants and investigated for association with Ps susceptibility and/or prognosis. The genetic analysis included CD6 SNPs (rs17824933, rs11230563 and rs12360861) previously associated with increased risk of MS, 32, 33 as well as SNPs from CD5 (rs2229177 and rs2241002) and ALCAM (rs6437585 and rs579565), two functionally related genes associated with increased severity and risk of SLE and MS, 26, 29 respectively (Figure 1) .
In a first analysis, the genotypic frequencies of the CD6, CD5 and ALCAM SNPs from psoriatic patients and controls were shown to be in Hardy-Weinberg equilibrium (P40.02). Moreover, no statistically significant differences between patients and controls were observed for any of the SNPs, thus discarding the possibility of any being a susceptibility marker for Ps (Supplementary Table S1 ). In a second analysis, we evaluated whether any of the genetic variants had an effect on Ps severity. To this end, the allelic and genotypic frequencies of the CD6, CD5 and ALCAM SNPs were compared among patients receiving or not receiving systemic treatment (categorized as moderate-severe or mild disease subgroups, respectively) [34] [35] [36] [37] [38] and among patients displaying high (47) or low (⩽7) Psoriasis Area and Severity Index (PASI) values 39 according to previous well-established criteria. [34] [35] [36] [37] [38] [39] Shown in Supplementary Table S2 are the median and the interquartile ranges for the clinical and demographic characteristics of patients involved in the study. Kruskal-Wallis (continuous variables) or χ 2 (frequencies) analyses showed statistically significant associations of moderate-severe Ps with earlier disease onset (P = 0.0007), arthritis occurrence (P = 0.0023), higher PASI (Po0.0001) and longer disease duration (P = 0.0056) (Supplementary Table S2 ). Subsequently, multivariate genetic analyses were adjusted for age of onset, duration of the disease and presence of psoriatic arthritis. Sex was considered a confounding variable and was also adjusted. Because PASI is also considered a disease severity outcome, the same clinical variables were adjusted for PASI analyses.
Univariate analyses revealed statistically significant associations of the rs12360861A CD6 allele with moderate-severe Ps (Table 1 , top) and the rs17824933G, rs11230563C and rs12360861A CD6 alleles with high (47) PASI (Table 1 , bottom). The latter association was maintained in subsequent multivariate analyses. By contrast, no significant relationships were observed for CD5 and ALCAM SNPs regarding any indicator of Ps severity (Supplementary Table S3 ).
Univariate and multivariate analyses also showed statistically significant associations for individual and/or pooled genotype frequencies of CD6 SNPs with moderate-severe Ps (Table 2 , top) and/or high (47) PASI (Table 2, bottom). Again, no statistically significant association was found for any of the CD5 and ALCAM SNPs.
Further haplotype analyses showed that the CD6 SNPs were linked to each other with D′ values 495% and r values of − 0.47 (rs17824933 vs rs11230563), − 0.31 (rs17824933 vs rs12360861) and 0.64 (rs11230563 vs rs12360861), thus confirming that they were in high linkage disequilibrium (LD) and constituted an LD block.
Four inferred CD6 haplotypes accounted for 99.6% of estimated haplotypes in psoriatic patients (Table 3) . Further haplotype analyses revealed that the allele combination rs17824933 C , rs11230563 T and rs12360861 A together with the allele combination rs17824933 C , rs11230563 T and rs12360861 G (Supplementary Table S2 , bottom) was significantly linked to lower PASI (P = 0.0086 and P = 0.013, respectively). The significance of the latter association was maintained in multivariate analyses. Additionally, the frequency of the haplotype carrying the three risk CD6 SNPs in the control population was compared with those in patients with 'mild' and 'severe' Ps (Supplementary Table S4 ) and patients displaying low (⩽7) and high (47) PASI scores (Supplementary Table S5 ). Univariate analyses in each case revealed no statistically significant associations between any of the studied patient subgroups and the controls.
Finally, the statistical analysis was further extended to include potential CD6 SNP genotype associations with earlier/later onset of Ps, which is often linked with irregular courses and having strong tendencies to become generalized. [40] [41] [42] The results showed a significant relationship between the age of Ps onset and the rs17824933 SNP (P = 0.0075 and P = 0.0095, the latter for the pooled genotype), with the earliest onset linked to the heterozygous combination (Supplementary Figure S1) . Genetically defined CD6 variations and psoriasis M Consuegra-Fernández et al
CD6-deficient mice develop attenuated IMQ-induced Ps
A potential in vivo role of CD6 in Ps development was investigated by subjecting wild-type (CD6 +/+ ) and CD6-deficient (CD6 − / − ) mice 13 to the Ps-like skin inflammation model induced by the topical application of the synthetic TLR7/8 agonist IMQ. 25 The C57BL/6 strain was chosen for this purpose because it provides a better genetic background for modeling Ps disease mechanisms. 43 Skin examination at the 
DISCUSSION
The present work provides novel genetic and experimental insight supporting the putative involvement of the CD6 lymphocyte receptor in the pathophysiology of Ps. As far as we know, available GWAS have not provided evidence for the involvement of CD6 polymorphisms in Ps. This was not unexpected because GWAS analyses of complex/polygenic human diseases (such as Ps) have relied on the proper density coverage of the trait loci with preselected common SNPs, most of which have no known functional implications. 44 This limitation can be partly overcome by gene-specific candidatedriven analyses. We focused on genetic variants of CD5 and CD6, two contiguous genes on human chromosome 11q.13 coding for highly related lymphocyte surface receptors at structural and functional levels. 45 In fact, these genes are believed to be derived from the duplication of a common ancestral gene. The CD5 and CD6 receptors are physically associated with the antigen-specific TCR and contribute to the fine tuning of activation and differentiation signals mediated by this relevant complex. 45 Our analysis also included genetic Genetically defined CD6 variations and psoriasis M Consuegra-Fernández et al variants of CD166/ALCAM, thus providing a more comprehensive analysis on the contribution of functionally related genes to Ps. The genetic analyses showed that all three CD6 SNPs were positively associated with Ps severity, as inferred from the need for systemic therapy and higher PASI (47) scores. This conclusion was derived not only from the genotypic and allelic analyses but also from haplotype analyses, which showed significant associations with the two severity outcomes. Taking into account the link between the age of onset and the disease severity, also confirmed in our patient cohort, it was not unexpected that one of the CD6 SNPs (rs17824933) was found to be associated with an earlier form of disease. Altogether, the results argued in favor of a contribution of the CD6 receptor in Ps pathophysiology and the potential usefulness of CD6 genotyping in Ps prognosis. The fact that CD5 and CD166/ ALCAM SNPs were found to have neutral effects also supported a specific effect of CD6 as a disease-modifier gene in Ps. However, the putative influence of genetic variations in CD318/CDCP1/TRASK, a very recently reported CD6 ligand expressed on many epithelial cells, and some hematopoietic and mesenchymal stem cells should be further explored. 12 Only a few reports have linked CD6 gene variation to certain autoimmune conditions in different human populations. Thus, a 19-base pair insertion within the CD6 gene was associated with good response to tumor necrosis factor-α inhibitors in a cohort of Danish rheumatoid arthritis patients. 46 Recently, the CD6 rs11230563 has been associated with susceptibility to Behçet's disease in a Chinese Han population. 47 However, the most important and well-studied association of CD6 polymorphism has been with MS in which T H 17 cells play an important pathogenic role. The first report on this regard found that the intronic rs177824933 G allele was associated with an increased risk of developing MS. 4 Other risk alleles within the CD6 gene (rs11230563 and rs12360861) were soon found and validated as independent risk factors for MS. 4 Thus, the short list of autoimmune disorders linked to CD6 polymorphism were subsequently extended to Ps, wherein T H 17 cells have been found to play a relevant pathogenic role. [48] [49] [50] Interestingly, the Danish Nationwide Cohort Study linked these two inflammatory diseases and revealed Ps as a severity-dependent risk factor for MS. 51 Further evidence involving CD6 in Ps physiopathology comes from the observation that CD6 − / − mice exhibit attenuated IMQ-induced Ps-like skin inflammation, likely resulting from defective peripheral T H 17 polarization, which has been reported in experimental autoimmune encephalomyelitis (EAE). 14 These data support CD6, a component of the TCRcomplex signaling machinery, as a modifier of the homeostasis of T H 17 cells, a critical pathogenic subset in Ps (and EAE) physiopathology. The molecular basis linking CD6 deficiency and altered T H 17 differentiation remain unknown; however, similar alterations have been reported for the T H 1 14, 52 and Treg 15 cell subsets. Intriguingly, CD6 is involved in T-cell development. There is evidence that natural T H 17 cells (nT H 17) may arise from the thymus, analogous to natural Treg cells (nTreg). 53 Concomitant to the already detected defects in inducible T H 17 and Treg polarization of naïve peripheral T cells, 14, 15 defects in nT H 17 development should also be explored in CD6-deficient mice, a fact that could be ignored for nTreg cells. 13 Although no mouse model can accurately reproduce all aspects of human Ps, 54 the data from the IMQ model in CD6 − / − mice correlate with our human genetic studies and highlight emerging evidence on the potential role played by CD6 in the regulation of T-cell-driven autoimmune responses. [13] [14] [15] [16] None of the CD6 SNPs studied have been reported to induce deficient overall CD6 surface expression. The rs17824933 G allele decreases the expression of full-length CD6 and increases that of the CD6ΔD3 isoform, 55 which lacks the CD166/ ALCAM-binding domain and is unable to co-localize with the TCR at the center of the immunological synapse. 56 In contrast, the rs11230563 C allele is associated with higher CD6 expression. 33 It would be interesting to analyze whether any of the CD6 SNPs may affect their interactions with the recently reported CD6 ligand, CD318/CDCP1/TRASK, which could impair overall CD6 functionality. 12 In conclusion, the results presented in our genetic association studies of Ps patients and CD6 − / − mice in an experimental model of Ps support a potential role for CD6 in Ps pathogenesis. Future studies are warranted to validate the role of CD6 in Ps physiopathology and further assess whether CD6 genotyping would help predict patient response to distinct therapies, including anti-CD6 mAb treatment currently in clinical development.
MATERIALS AND METHODS
Subjects
Psoriatic patients of European descent (N = 304) attending three Dermatology Departments from three University Hospitals (Barcelona) were included in the study. Inclusion criteria were age above 18 years and a minimum follow-up of 6 months. All patients were managed according to the clinical guidelines of the Spanish Psoriasis Group from the Spanish Academy of Dermatology and Venereology. 57 Additionally, 305 unrelated volunteers from the Blood and Tissue Bank of Barcelona were included as controls (42 ± 13.6 years, 18-68 age range; 47% female). The study was approved by the three local Hospital Ethics Committees, and written informed consent was obtained from all participants before inclusion and blood extraction.
Clinical assessment
Epidemiologic, demographic and clinical data, including age, gender, age of disease onset (early onset o40 or late onset ⩾ 40), disease duration, family history of Ps, presence of psoriatic arthritis, progressive (persistent disease flare of at least 6 months) or intermittent clinical course, highest Ps area and severity index (PASI, ⩽ 7 or 47) 39 and therapies received, were retrospectively collected from medical records. Patients who received at least one systemic treatment (methotrexate, cyclosporine or acitretin), biological agent (etanercept, adalimumab, infliximab, efalizumab and/or ustekinumab) or phototherapy (oral psoralen with UVA-PUVA − or narrowband UVB-nbUVB − ) were included in the moderate-severe Ps group, whereas the rest of the patients were classified as mild. [34] [35] [36] [37] [38] Genotyping Genomic DNA was purified from EDTA-anticoagulated peripheral blood using the QIAamp DNA Blood Mini Kit (Qiagen, Venio, The Netherlands) and subjected to real-time (RT)-PCR using TaqMan probes following the manufacturer's recommendations (ThermoFisher, Barcelona, Spain): CD6 rs17824933 (assay number: C_33967506_10), CD6 rs11230563 (assay number: C_31727142_10), CD6 rs12360861 (assay number: C_25922320_10), CD5 rs2229177 (assay number: C_3237272_10), CD5 rs2241002 (assay number: C_25472293_20) and ALCAM rs6437585 (assay number: C_29281365_20), all from ThermoFisher (Barcelona, Spain). Primers for PCR amplification and further sequence-base typing (PCR-SBT) ALCAM rs579565 (Hs00666884_CE and Hs00666884_CE) were from ThermoFisher.
IMQ-induced Ps mouse model
Eight-to 12-week-old CD6 − / − and CD6 +/+ C57BL/6 females 13 received a daily topical dose of 62.5 mg of commercially available IMQ cream (5%, Aldara; 3M Pharmaceuticals, MEDA, Barcelona, Spain) on shaved backs for 6 consecutive days. 25 Control mice were likewise treated with a control vehicle (Vaseline; Braun, Barcelona, Spain). At day 7, mice were killed, and skins were harvested for further analyses. This protocol was reviewed and approved by the University of Barcelona Animal Experimentation Ethical Committee (Barcelona, Spain).
Quantitative RT-PCR Total mRNA was extracted from whole back skin biopsies using the PureLinkTM RNA Mini Kit (Ambion, Life Technologies, Barcelona, Spain). Synthesis of cDNA was performed by reverse transcription from 1 μg of total RNA (High Capacity cDNA Kit; Life Technologies). Cytokine mRNA levels were assessed by quantitative RT-PCR analysis (Taqman Fast Universal PCR Master Mix; Life Technologies) using a 7900HT Fast Real-time PCR System (Applied Biosystems, Bleiswijk, The Netherlands) and the following Taqman probes (Life Technologies): IL-17A (Mm00439618_m1), IL-17F (Mm00521423_m1), IL-22 (Mm01226722_g1), IFN-γ (Mm01168134_m1), IL-10 (Mm01288386_m1), FoxP3 (Mm00475162_m1), IL-6 (Mm01210733_m1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Mm99999915_g1). Cytokine mRNA expression was adjusted by GAPDH expression as 2ΔCt, where ΔCt = Ct (GAPDH) − Ct (gene of interest).
T H 1 and T H 17 in vitro polarization
Electronically sorted T conv cells (CD4 + CD62L hi , 10 5 cells per well) from CD6 − / − and CD6 +/+ spleens were cultured for 3 days in 'U'-bottomed plate-bound anti-CD3 mAb (145-2C11; 2 μg/ml; Tonbo Bioscience, San Diego, CA, USA) with soluble anti-CD28 mAb (37.51; 5 μg/ml; Tonbo Bioscience) in the presence of TGF-β (5 ng/ml; ImmunoTools, Friesoythe, Germany) and IL-6 (30 ng/ml; ImmunoTools), IL-1β (10 ng/ml; ImmunoTools), IL-23 (10 ng/ml; ImmunoTools), anti-IL-4 mAb (5 μg/ml; BioLegend, San Diego, CA, USA), anti-IFNγ mAb (5 μg/ml; Tonbo Bioscience) and anti-IL-2 mAb (5 μg/ml; eBioscience, Barcelona, Spain) for T H 17 induction. IL-12 (10 ng/ml; R&D Systems, Minneapolis, MN, USA) and anti-IL-4 mAb (10 ng/ml; ImmunoTools) were used for T H 1 induction. T H 1 and T H 17 cell detection was performed by intracellular cytokine staining according to the manufacturer's indications (Fixation/Permeabilization Kit with BD GolgiStop, BD Bioscience, Madrid, Spain) and further analysis by flow cytometry on a FACS Canto II equipped with CellQuest (BD Bioscience) and FlowJo 8.7 Software (Ashland, OR, USA).
Statistical analyses
Genotypic and haplotype statistical associations among the SNPs and the disease outcomes ('mild' vs 'moderate-severe' Ps and PASI) were tested by χ 2 -test (frequencies). Univariate and multivariate logistic regression models were estimated to report unadjusted and adjusted odds ratio and their 95% confidence intervals, respectively, using 'epiR' and 'SNPassoc' packages of R software, version 3.3.3 (Available at http://www.r-project.org/). Disease onset (dichotomized as ⩽ 40 and 440 years), arthropathy occurrence, gender and disease duration were included in the multivariate logistic regression models. The distribution of alleles in controls and patients was tested to fit to the HardyWeinberg equilibrium using the bioinformatics tool SNPStats (http://bioinfo.iconcologia.net/SNPstats). 58 The same tool was used in haplotype association and LD parameters R and D' analyses. Because the analysis was performed for three genes, Bonferroni's correction was applied to the asymptotic P-values, with P ⩽ 0.02 considered significant.
